Mg-doped GaN films, grown by metalorganic chemical vapor deposition, were treated with a nitrogen plasma after a conventional rapid thermal annealing ͑RTA͒. The conductivity of the p-type GaN film was greatly enhanced by nitrogen plasma treatment, and exhibited a higher sheet hole concentration as well as lower sheet resistance than the RTA samples. A photoluminescence ͑PL͒ band which peaked at 3.27 eV was new, and a band at 2.95 eV was markedly attenuated in the plasma treated samples. PL measurements suggest that self-compensation in a Mg-doped GaN caused by the nitrogen vacancies is effectively reduced by the nitrogen plasma treatment, leading to an enhanced p-type conductivity. In addition, the plasma-treated sample revealed a drastic reduction in specific contact resistance by three orders of magnitude, compared with the RTA samples. © 2000 American Institute of Physics. ͓S0003-6951͑00͒05021-X͔
The reliable formation of highly conductive p-type GaN is one of the most demanding techniques in the production of optoelectronic devices such as blue-green light emitting diodes, blue laser diodes, 1-3 and solar-blind ultraviolet photodetectors. 4 However, in the case of Mg-doped GaN grown by metalorganic chemical vapor deposition ͑MOCVD͒, the Mg acceptors are passivated by hydrogen with the resulting formation of electrically inactive Mg-H complexes. 5 To date, Mg activation to give p-type conductivity has been completely dependent on low energy electron beam irradiation 6 or a thermal annealing 7 in a nitrogen ambient, in order to dissociate hydrogen from the Mg-H complexes, resulting in a hole density in the low 10 17 cm
Ϫ3
range. However, convincing evidence [8] [9] [10] exists to indicate that the problem in limiting the hole concentration is, not only hydrogen passivation, but also self-compensation caused by the formation of a deep donor, Mg Ga -V N , namely a nearest-neighbor associate of the Mg acceptor with a nitrogen vacancy. Self-compensation in Mg-doped GaN cannot be controlled by post-growth treatments and is an issue which remains to be solved. It has been reported that the difficulty in achieving high hole concentrations above 4 ϫ10 17 cm Ϫ3 is mainly the result of self-compensation rather than the hydrogen passivation. 10 In this regard, a promising technology to further improve p-type conductivity would be highly desirable in the case of GaN-based III-nitride thin films.
In this letter, we report on a study of the reactivation of Mg acceptors by means of nitrogen plasma treatment ͑NPT͒ to reproducibly achieve an enhancement in the sheet hole concentration and a reduction in sheet resistance. The findings herein also suggest that the deep compensating donor of Mg Ga -V N in Mg-doped GaN is effectively removed by nitrogen plasma treatment, leading to a markedly reduced specific contact resistance.
As-grown Mg-doped GaN films, grown in a vertical geometry rotating-disk MOCVD system ͑EMCORE D125͒, were semi-insulating at room temperature. Rapid thermal annealing ͑RTA͒ was carried out, in order to achieve a p conductivity at 950°C for 1 min in a nitrogen ambient, giving films which had uniform hole concentrations and resistances within the 2 in. wafer. With this RTA-treated sample, we performed NPT experiment to improve p-type conductivity. Prior to the plasma treatment, samples 5ϫ5 mm 2 in size were ultrasonically degreased and dipped in a buffered oxide etchant ͑BOE, HF:NH 4 Fϭ1:6͒ for 10 s to eliminate any native oxides on the GaN surface. NPT was then carried out in a plasma chamber ͑Oxford Plasmalab system100͒ with various radio-frequency ͑rf͒ power, irradiation time, and substrate temperature at a fixed nitrogen flow rate ͑500 sccm͒ and chamber pressure ͑1 Torr͒. The second RTA step on the NPT sample at 600°C for 2 min showed a drastic increase in p-type conductivity.
Hall effect measurements using In/Zn ͑In: 99%͒ alloy dots were carried out with the van der Pauw configuration. The specific contact resistance was measured by a transmission line method employing a Pt ͑300 Å͒ ohmic contact deposited by an e-beam evaporation. Prior to the metal evaporation, the samples were chemically treated with either boiling HCl for 10 min or buffered oxide etchant ͑BOE͒ for 1 min. Current-voltage (I -V) data were obtained using a parameter analyzer ͑HP 4155A͒. Photoluminescence ͑PL͒ was measured at room temperature using 325 nm line of a He-Cd laser ͑20 mW͒ as an excitation source. The PL was dispersed with 1 m double monochromator and processed using time-correlated single-photon-counting electronics.
After a number of NPT experiments, we found that the sample characteristics were most sensitive to the substrate temperature and the rf plasma power. The electrical characteristics for the NPT samples treated at different temperatures with different rf plasma power are shown in Table I sheet hole concentration increases and the sheet resistance decreases. The NPT sample which had been treated at 380°C, which is the maximum attainable temperature of our plasma enhanced chemical vapor deposition ͑PECVD͒ system, showed a drastic enhancement in the sheet hole concentration by 5 times and a reduction in the sheet resistance by 3 times, compared with the sample subjected only to conventional RTA. For the case of increased plasma power, however, the electrical characteristics become degraded. This can be explained in terms of the energetic ion bombardment of p-type GaN by N ϩ species in the plasma. 11 It seems that the plasma damage, created by a nitrogen plasma with a dc selfbias of about Ϫ2.5 V at a 50 W of rf power was not effectively removed by the second RTA process. These results clearly suggest that the NPT under optimized conditions effectively reactivates the Mg acceptors, giving rise to an increased hole concentration, in comparison with the conventional RTA treatment, which is employed to dissociate the hydrogen passivated Mg-H complexes.
It has been reported that the hole concentration in Mgdoped GaN is limited by self-compensation which is associated with the Mg Ga -V N deep donor rather than hydrogen passivation. 10 Based on theoretical prediction, 8, 9 the V N is the only native defect which is energetically favorable for forming under p-type conditions and its concentration in p-type GaN at commonly employed MOCVD growth temperatures is nearly the same as the Mg concentration. Since the V N acts as a donor for GaN, 12, 13 the V N and the Mg acceptor, which are oppositely charged, attract each other, and thus tend to form Mg Ga -V N . Most of the Mg acceptors are compensated by Mg Ga -V N at high Mg concentrations (Ͼ10 19 cm Ϫ3 ) in this manner. 10 The enhanced p-type conductivity by the NPT is believed to be due to a decrease in the concentration of the Mg Ga -V N in the vicinity of the surface. That is, the nitrogen plasma with a low rf power of 30 W is believed to furnish sufficient nitrogen to the p-type GaN to annihilate the vacancy by reaction of the V N with the N in the near surface region. The surface concentration ratio of N to Ga atoms was measured by comparing yields of Ga and N, as obtained by the integrated Auger electron spectroscopy ͑AES͒ up to 200 Å from the surface. The surface concentration ratio of N to Ga on the NPT sample was higher by 26% than that on the RTA sample. This result indicates that the atomic concentration of surface nitrogen of the NPT sample is considerably higher than that of the RTA sample. Although an indiffusion of nitrogen into GaN can occur at high temperature ͑ϳ1000°C͒, 14 the V N which is abundant in p-type GaN is thought to preferentially react with active nitrogen radicals in the N 2 plasma at a relatively low temperature of 600°C during the second step of the RTA, leading to a thin, highly conductive surface layer. However, the NPT sample which had not been subjected to the second RTA step showed a reduction in the sheet hole concentration (1.0ϫ10 13 cm Ϫ2 ) and an increase in the sheet resistance (3.2 ϫ10 4 ⍀/square), compared with the sample that received only the conventional RTA. Since p-type conductivity of the NPT sample was greatly enhanced by a subsequent second annealing step compared with that of the conventional only RTA sample, we expect that the degradation in conductivity on the surface of the NPT sample which did not receive a second RTA step can be attributed to new defect levels and deep traps created by the nitrogen plasma with a dc self-bias of about Ϫ1 V at a 30 W of rf power in the PECVD system. Therefore, the damage created by the NPT appears to be greatly reduced by the second RTA step, resulting in a substantial increase in the p-type conductivity.
Room temperature PL spectra were obtained to clarify the mechanism of the enhanced p-type conductivity. Figure 1 shows representative PL spectra of the RTA and the NPT sample. For the RTA sample, the PL bands which peaked at 2.95 and 2.7 eV are dominant while for the NPT sample a new band at 3.27 eV is observed with decreasing the intensity of the PL at 2.95 and 2.7 eV. When the excitation power was attenuated the 2.95 eV band showed a distinct redshift to 2.85 eV, indicating that electrons and holes trapped at spatially separated donors and acceptors are involved in the recombination process. 10 We conclude that the acceptor is isolated Mg Ga and the donor Mg Ga -V N in accord with the other study. 10 The relatively high energy peak at 2.95 eV is believed to critically depend on the high excitation intensity ͑200 W/cm 2 ͒ of the laser used in this study. The present result provides additional confirmation that the Mg acceptors in the RTA samples are compensated by the deep donor. In addition, the band around 3.2 eV has been reported in a lightly Mg-doped GaN and has been attributed to a recom- bination between the electron in the conduction band and Mg Ga . 10, [15] [16] [17] Since self-compensation by the Mg Ga -V N donor is relatively negligible in the case of light Mg-doping, the free-to-bound recombination, (Mg 0 ,e), should prevail. Taking this into account, we assign the 3.27 eV band which occurs in the NPT sample to the (Mg 0 ,e) transition. By means of the NPT, the deep donors near the surface are annihilated as mentioned above, and this is why the 3.27 eV (Mg 0 ,e) transition emerges and the 2.95 eV donor-acceptor pair transition weakens after the NPT. We therefore conclude that the NPT effectively reduces the degree of selfcompensation in the near surface region of a Mg-doped GaN, leading to a high conductivity p-type in the GaN film. Regarding the 2.7 eV band, we cannot precisely explain the origin of the luminescence at present. Since it is omnipresent in our Mg-doped samples, we speculate that the band is associated with structural defects.
To further ascertain that the NPT improves the electrical properties of Mg-doped GaN, we also measured the specific contact resistance (R sc ) employing as-deposited Pt contact pads. Figure 2 shows the typical I -V characteristics for the NPT and RTA samples. Nonlinear curves are seen for the samples with RTA annealing following by HCl or BOE treatment. In sharp contrast, the HCl treated NPT sample shows a linear I -V ohmic behavior. The measured R sc values are 2.3ϫ10 Ϫ2 ⍀ cm 2 for RTAϩBOE, 2.5ϫ10 Ϫ2 ⍀ cm 2 for RTAϩHCl, and 7.9ϫ10 Ϫ5 ⍀ cm 2 for the NPTϩHCl treated sample. We believe that HCl treatment effectively removes surface oxides or oxynitrides which is insulating for the NPT sample. Regarding the HCl treatment, a detailed study on the ohmic contact to the p-type GaN will be published elsewhere. 18 Such a low R sc for NPTϩHCl treated GaN can be explained in terms of field emission, namely, tunneling. With increasing carrier concentration, the thermionic mechanism of carrier flow from metal to Mg-doped GaN would be expected to change to thermionic field emission. This implies that the tunneling probability through the Schottky barrier width is increased by NPT. As discussed above, the NPT creates a thin surface layer with an enhanced hole concentration, which is believed to give rise to the decrease in the R sc of the NPT sample. It is noteworthy that the R sc of the NPTϩHCl treated sample is among the lowest value ever reported [19] [20] [21] and is nearly three orders of magnitude lower than that of the RTA samples. This again establishes the practical importance of the NPT method.
In summary, we have studied the reactivation of the Mg acceptor in MOCVD GaN by means of nitrogen plasma treatment ͑NPT͒. Compared with the RTA-treated samples, the NPT sample obtained showed an enhanced p-type conductivity in the vicinity of the surface due to the reduced self-compensation, as ascertained by PL analysis. This reactivation method has proven to be of practical importance in the p-type ohmic contact with low specific contact resistance.
